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Fermi Bubbles

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Su, Slatyer and Finkbeiner 2010 (Ap))



Fermi Bubbles

2 x 103 erg/s [1-100 GeV]

hard spectrum, but spectral down-break below
~ GeV in SED, cut-off ~100 GeV

uniform projected intensity

sharp edges

coincident emission at other wavelengths
vast extension: ~/ kpc from plane

= few 10°° erg
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The ‘S-PASS Lobes’
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The ‘S-PASS Lobes’

~ Depolarization/
modulation area
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Fermi Bubbles: Two
Interlocking Questions

QI. What energizes the outflow?
Recent Seyfert-like activity of Sgr A*

OR Nuclear star formation OR tidal disruption
of stars by SMBH OR dark matter OR ....
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Energetics

The (photon) Eddington luminosity of Sgr A* (4 x 10® Msun):
5x 10% erg/s

Star formation:in the CMZ at a rate ~0.05 Msun/yr

This injects mechanical power (supernova explosions,
stellar winds) of

Pmech ~ 0.08 Msun/yr x 1 SN/(90 Msun) x 10°! erg/SN

=, 3 x 10% erg/s

...the GC is not a Starburst



Fermi Bubbles: Two
Interlocking Questions

Q2. What is the radiation mechanism?

‘leptonic’: Cosmic ray electrons/Inverse
Compton emission



Inverse Compton Scattering
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Leptonic Scenar” .
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Leptonic Scenarios
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Leptonic Scenarios

calculated at 5 kpc

ICS, b =30.5deg (z
CMB component

IR component

SL component
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Hadronic Scenario

Crocker & Aharonian PRL 201 |

® Bubbles’ gamma-ray luminosity requires a
source of protons of power ~10%° erg/s in
saturation

® This is the power supplied by nuclear SF to
cosmic rays that escape the GC



SFR (M, yr)
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Fig. 1. Gamma-ray luminosity (0.1-100 GeV) ver-

sus total IR luminosity (8-1000um).



Watt/Hz

Li4gHz = .

Yun etal. 2001 ApJ 554, £~ 4\6@“ o
.n © fb,('
T 'I T 'I 1] | r}: '| ¥ C\e 6&
25 |- 0 0\
i '\«\ C

I|I|I|I|_'
9 10 11 12 13

L60um = 1.3 x |08 L-;(-



The Fermi Bubbles
as Bubbles

Crocker, Bicknell, Taylor et al.
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Giant Shocks in the
Fermi Bubbles

® General scenario: adiabatically-expanding
nuclear wind...

® Reverse shock where Pram = Ppis

® Have to incorporate gravity, halo pressure
& cooling

Crocker, Bicknell, Taylor et al. in preparation



Expansion of a radiative bubble
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Evidence for Shocks?

Crocker, Bicknell, Taylor et al.
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Predicted Emission

Crocker, Bicknell, Taylor et al.



Gamma-ray emission
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Forward Shock!?

Crocker, Bicknell, Taylor et al.



S-PASS 2.3 GHz
Casandjian2015 polarzd intensity
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S-PASS 2.3 GHz
Casandjian2015 polarzd intensity
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S-PASS 2.3 GHz
Casandjian2015 polarzd intensity
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A breeze from
Andromeda!
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Where the game kicks off...

® In this talk:"Galactic center” (GC) = inner 300 pc
(diameter) of Galactic plane

® GC sitting at bottom of Galactic gravitational
potential

= where the Galaxy’s 4 million solar mass super-

massive black hole (SMBH) lurks

= where Galactic stellar density and star formation

rate density reach a crescendo



Central Molecular
Zone

® ~30 million solar mass torus of Hy, ~5% of
the Galaxy’s H;

® The torus hosts on-going, intensive, localized
star-formation: ~5-10% of Galaxy’s massive
star formation

® SFR surface density over CMZ = 3 orders of
magnitude larger than mean in disk (0. ~ 2
Mo yr-! kpc?) and sustained...should drive
outflow



2 7 GHz radio data (unsharp
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ROSAT 0.75 keV ROSAT 1.5 keV MSX 8.3um
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Liscgu, = 1.2 X 10! Watt/Hz
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SFR (M, yr)
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Fig. 1. Gamma-ray luminosity (0.1-100 GeV) ver-

sus total IR luminosity (8-1000um).



S0, COsmic rays are being
blown out of the GC

...what is the fate of the
advected cosmic rays?



Synchrotron
Phenomenology
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Giant Shocks in the
Fermi Bubbles

® The microwave emitting (haze) electrons
are carried into the downstream at ~300
km/s, reach 2 kpc beyond shock

® Resolved and |-to-| correspondence
between age and distance from
acceleration site = hard spectrum

® Explains luminosity, spectrum and extension
of haze



Giant Shocks in the
Fermi Bubbles

The 2.3 GHz emitting electrons, cool more
slowly and can reach Bubble edges

Mixing/accumulation of different aged 2.3
GHz emitting electrons in thick target =

steep spectrum

Explains luminosity, spectrum and extension
of polarised 2.3 GHz emission



...hot necessarily: Hadronic
Emission from Filaments

Crocker, Bicknell et al. 2014, ApJL

® Bubbles’ ~3 10® K plasma is thermally
unstable

® too ~ few 108 year . natural timescale

® fountain flow sets up steady-state plasma
density: \/ o T

Ngs =
(’7 o I)A[TFB]VFB K amu

v 1/2
~ 0.0055 cm ™3 n
0.1 Mg /year

consistent with X-ray observations



Hadronic Emission from Filaments:
few x 108 year timescale

Crocker, Bicknell et al. 2014, Ap]L

® collapsing filaments adiabatically compress
magnetic fields and cosmic rays

® filament collapse arrested when Pcr + Pg = Py

® filaments fall at terminal velocity back to
plane

® can predict hadronic luminosity:
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Crocker, Bicknell et al. 2014, ApJL
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